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Abstract: Eco-physiology models can predict soybean [Glycine max (L.) Merrill] development by describing daily development as a function of temperature, photoperiod, and cultivar sensitivity to these environmental conditions. However, these models require calibration with field data and a skilled user, limiting their agronomic application and adoption. We developed an interactive forecasting tool (SoyStage) using algorithms and previously calibrated coefficients from DSSAT-CROPGRO-Soybean. SoyStage predicts dates of first flower, beginning seed fill, and physiological maturity for emergence dates ranging from 14 March to 27 June in 7-d intervals, maturity groups (MGs) 3.2 to 6.7 in one-half MG increments, and 2776 locations across the US Midsouth based on weather data from 1981 to 2016. Predictions from SoyStage agreed well with field observed phenological stages monitored at 27 site-years (RMSE ≤ 7.2 d). SoyStage can be accessed through the internet, requiring minimal inputs and predicting phenology for a wide range of locations, MGs, and emergence dates. 
Core Ideas
• Soybean phenology predictions allow producers to schedule management decisions.
• Phenology can be predicted for a location and maturity group from temperature and photoperiod.
• Predictions from 2776 locations were generated for the US Midsouth.
• An interactive map displays predicted dates of flowering, beginning seed fill, and physiological maturity.
Abbreviations: MG, maturity group; PTD, photothermal day.
Published November 22, 2019 ranging from central Minnesota to central Missouri; this tool, however, does not provide predictions for more southern latitudes. A decision support tool called SOYMAP (Popp et al., 2016) provides predictions across a wide geographical area in the US Midsouth and for MGs 3 through 6. However, SOYMAP is specific only for 13 locations between 29° and 39° N and requires a computer running Microsoft Excel for use. The current research describes an online interactive tool, written in html and JavaScript, that predicts soybean phenology based on historical weather data for 2776 locations over a wide geographical region and that can be accessed through the internet. We refer to this interactive program as SoyStage throughout the remainder of this report. Long-term (1981 Long-term ( -2016 (NASA, 2019) . Maximum and minimum temperature data were averaged for each day of year for each of these 35 years, and for all 2776 locations. Daily photoperiod for these locations was calculated using the method described by Pereira et al. (2003) .
Materials and Methods
Data Collection
Crop Phenology Modeling
SoyStage begins simulations at the date of emergence (VE; Fehr and Caviness, 1977) , rather than planting date, because of the high variability between planting and emergence date, which may range from around 4 d under ideal conditions (i.e., warm soil with plentiful moisture) to 2 wk or longer in cold soil or when soil moisture is inadequate. Beginning at VE, development rate was expressed in photothermal days (PTD) as a multiplicative function of temperature and photoperiod (Eq. [1]) following the approach in DSSAT-CROPGRO (Boote et al., 1998) .
The temperature function, f(T), is a piecewise function with five segments determined by four cardinal temperatures (Hoogenboom et al., 2019 ) that vary according with development stage. The photoperiod function, f(P), is a piecewise function with two segments (Boote et al., 1998; Salmerón and Purcell, 2016) . The first segment is a plateau in which development rate is maximized when the photoperiod is less than the critical photoperiod; the second segment decreases linearly to a relative development rate of 0 as photoperiod increases.
Cultivar sensitivity to temperature and photoperiod in DSSAT-CROPGRO is defined by the number of PTD required to reach a given developmental stage, a critical short photoperiod, and the slope of photoperiod sensitivity. Cultivar coefficients for MGs calibrated for our study region were used to develop SoyStage. Salmerón and Purcell (2016) found that DSSAT-CROPGRO simulations with MG-based coefficients were similar in their predictive ability as cultivar coefficients calibrated for a specific cultivar. One difference in how SoyStage simulates phenology compared to the approach in DSSAT-CROPGRO is that the later uses hourly time steps of temperature while SoyStage uses average daily temperature as an input. SoyStage was developed with this simplification since previous research found little difference between thermal units derived from hourly time steps and those derived from average daily temperature (Purcell, 2003) .
Beginning seed fill (R5) is typically described using the system of Fehr and Caviness (1977) as a pod containing a seed 3 mm in length at one of the top four nodes. In contrast, DSSAT-CROPGRO predicts R5 as the occurrence of a 3-mm seed anywhere on the plant. Salmerón and Purcell (2016) found the number of days between first R5 seed and R5 as defined by Fehr and Caviness (1977) ranged between 6 and 8 d for MGs 3 to 6. Therefore, 7 d were added to first-R5-seed predictions to predict R5 as defined by Fehr and Caviness (1977) . Unless specified otherwise, subsequent mention of R5 refers to the definition of Fehr and Caviness (1977) .
SoyStage was used to predict phenological stages for R1, R5, and R7 for 35 yr of weather data, 2776 locations, MGs ranging from 3.2 to 6.7 in 0.5 MG increments, and for emergence dates from 14 March (for latitudes less than 33° N), 18 April (for latitudes between 33 and 35° N), and 2 May (for latitudes greater than 35° N) and ending 27 June. Additionally, predictions were made in 7-d emergence intervals for each year over the 35-yr period. This process resulted in 4480, 3080, and 2520 predictions for each development stage and location for latitudes less than 33° N, between 33° N and 35° N, and greater than 35° N, respectively. Over all 2776 locations, there were 9,174,760 predictions for each phenological stage.
The dates of occurrence for each phenological stage and for each location-emergence date combination were converted to days after emergence, averaged over the 35 yr, and presented using month-day format in SoyStage. The average predicted values and standard deviations were used in QGIS V2.18 (http://qgis.osgeo.org) to create 384 point-layers with 2776 points using the WGS84 coordinate reference system, representing all locations. Point-layers containing predictions and standard deviations were interpolated using the Inverse Square Distance algorithm in the GDAL/GEO (http://gdal.org) library in QGIS V2.18. The output of the Inverse Square Distance algorithm is a raster file, containing the phenology prediction data for a geographic area. The raster file was cropped for the Midsouth area of the United States using the Clip Raster by Extent algorithm in the GDAL/ GEO library. The cropped raster files were vectorized using the Polygonize algorithm in the GDAL/GEO library, outputting 384 shapefiles with the phenology predictions and 384 shapefiles with standard deviation of the predictions for the geographical area of interest. Each pair of shapefiles representing a combination of emergence date, MG, and phenological stage were joined in one shapefile using the Join by Location algorithm in the GDAL/GEO library, outputting 384 shapefiles with predicted values and standard deviations. The vector shapefiles were used to create maps in Python V3.7.0 using the geopandas (http://geopandas.org), shapely (https://shapely.readthedocs.io), folium (https://pythonvisualization.github.io/folium/), and pandas (https://pandas. pydata.org/) libraries.
Model Evaluation
To evaluate SoyStage, the accuracy of model predictions for dates of R1, R5, and R7 were compared with the observed data reported by Salmerón and Purcell (2016) . The observed data comprised nine locations, three years (2012-2014), four emergence dates at each location ranging between 14 March and 27 June, and 16 soybean cultivars from MG 3 to 6. Weather data for each site-year were obtained from NASA-POWER (NASA, 2019), and daily average temperature and photoperiod data were used as inputs for SoyStage. In total, there were 1276 predictions for each development stage that were compared with observed dates of crop development.
Results and Discussion
An online platform was developed to facilitate access to the 384 interactive maps that comprise SoyStage (http://SoyStage. hosted.uark.edu). The data access system is composed of three selection boxes where the user can choose among 16 emergence dates, eight MGs, and three phenological stages (Fig.  1) . When the user hovers the mouse over the map, a popup box provides predictions for dates of occurrence (month/day) of the chosen phenological stage (R1, R5, R7), the number of days between emergence and the occurrence of the phenological stage, and standard deviation of prediction over 35 yr of weather data. To determine the predictions for a more refined location, the user can zoom in to the image to view individual farms. Figure 1 shows a screen capture from SoyStage for a prediction of the R1 date for a MG 4.7 cultivar that emerged on 9 May near Jonesboro, AR.
For latitudes between 33 and 35° N and latitudes greater than 35° N, the earliest emergence dates for which phenological stages are predicted are 18 April and 2 May. Emergence dates prior to these dates for these latitudes have a risk of freezing. When the user selects an emergence date prior to 18 April (for latitudes greater than 33° N) or prior to 2 May (for latitudes greater than 35° N), the map is colored pink and indicates that no predictions were made because of the risk of freezing.
SoyStage predictions agreed well with observed dates of R1, R5, and R7 (Fig. 2) across 27 site-years in the Midsouth (Fig. 2) . The average difference in predictions made by SoyStage and observed dates was 0.15 (R1), 1.10 (R5), and 3.7 d (R7). The model predicted R1, R5, and R7 with a root mean square error (RMSE) of 5.8, 6.8, and 7.2 d, respectively. These values were similar to those obtained by Salmerón and Purcell (2016) using DSSAT-CROPGRO with hourly timesteps (RMSE = 5.2, 6.4, and 9.2 for R1, R5, and R7, respectively). Thus, our results support those of Purcell (2003) indicating that similar calculation of thermal time results from using hourly or daily time steps.
SoyStage is currently restricted to the midsouthern United States. Extrapolation to other areas would require the development of coefficients for the relevant MGs for a given region and calibration with observed data for the areas of interest. The coefficients for MGs 3.2 through 6.7 used by SoyStage and developed by Salmerón and Purcell (2016) might be applied to other regions but would require further evaluation of predictive accuracy with observed data.
SoyStage was designed to require minimal input on the part of the user. After the user selects different emergence date and MG options, the model provides predictions for dates of R1, R5, and R7 based upon historical weather data. It is important to note that the model was built assuming no drought stress, which could affect predictions for nonirrigated production systems, as drought stress affects phenological development (Desclaux and Roumet, 1996) . SoyStage has the advantage that it can be easily accessed from any device with an internet connection. The strong relationship of the prediction dates made by SoyStage with observed phenological dates indicate that SoyStage can predict phenological stages over a wide geographical area with accuracy.
